Introduction
Bioimaging has been an indispensable technology in cuttingedge research of modern biology. Among various bioimaging technologies, imaging based on fluorescence detection has been most popular since fluorescence measurement usually has high sensitivity and a variety of tools and reagents are commercially available.
However, fluorescence detection has several drawbacks, such as undesired fluctuations caused by quenching or emission from other materials, shielding by a turbid solution or vessels, and the need for labeling, which could disturb the analyses. As an alternative, electrochemical imaging has also been used to characterize biomaterials, taking advantage of simplicity, lower detection limit, high speed, and selectivity. Electrochemical measurements are classified as potentiometric, conductometric, or amperometric measurements based upon their analytical principles of operation. Potentiometric sensors based on field-effect transistors (FET) are utilized for dynamic imaging in cardiomyocyte cell assemblies and neuronal networks. 1 Densely integrated active pixel arrays of potentiometric sensors can successfully image the extracellular activity of a neuronal network. 2 For amperometric bioimaging, the most common tool is scanning electrochemical microscope (SECM), a type of scanning probe microscope. SECM has been used to measure the local electrochemical characteristics on surfaces. [3] [4] [5] Recently, high resolution SECM systems with feedback distance control have been applied to simultaneous imaging of topography and electrochemical responses of enzymes 6 and single live cells. 7 To obtain a higher temporal resolution toward real-time bioimaging, addressable devices with micro/nanoelectrode arrays on chips have also been developed using technology based on microelectro-mechanical-systems (MEMS). 8 However, the integration of a large number of electrodes with corresponding bond pads on those MEMS-based sensors is limited because it is difficult to arrange large numbers of pads and electric lines in a limited space. We proposed a new type of an electrochemical device that enables the detection of an n × n array of measurement points with only 2n bonding pads. In this review article, I will mainly summarize our recent works on amperometric bioimaging using SECM, addressable devices with micro/nanoelectrode arrays based on local redox cyclig, and CMOS-based Bio-LSI.
Bioimaging with SECM

2·1 Priciple of SECM
SECM, a type of scanning probe microscope (SPM), equips a probe-type micro/nanoelectrode as a scanning probe to detect amperometric signals in localized areas (Fig. 1) . SECM has been used to characterize and image the local electrochemical nature of various materials. 12, 13 The spatial resolution of SECM is, in general, inferior to that of conventional SPM such as STM and AFM since fabrication of nanometer-sized electrode probes is difficult. In addition, the amperometric current at an electrode probe is very small (often pA or less), which also makes highresolution measurements with SECM difficult. However, SECM has unique advantages that cannot be obtained with conventional SPM; SECM can image localized chemical reactions and induce localized chemical reactions in a controlled manner. SECM has been widely applied in numerous fields of research involving electrochemistry, such as electrode surfaces, polymers, biomaterials, and liquid/liquid interfaces. There are two basic measurement modes for SECM: feedback (FB) and generation/collection (GC) modes (Fig. 2) .
The FB mode is used to measure amperometric current of redox reactions along the sample surface (x-y plane) or normal to the surface (z direction) by scanning the electrode probe with a very small probe-sample separation. The probe current reflects the chemical and physical properties of the sample surface. When the surface is a conductor, the current increases as the probe approaches the surface. The situation in which a larger amperometric current is observed compared to the steady state current in the bulk solution is called positive FB mode. The opposite case is called negative FB mode. When the surface is an insulator, the current declines because the surface blocks the diffusional supply of electroactive species to the probe surface. In FB mode, either positive or negative, the probe current largely depends on the probe-substrate distance. Positive FB mode is particularly important when studying redox enzymes such as glucose oxidase (GOD) and diaphorase (Dp) immobilized at surfaces, 12 where the enzymes regenerate intermediate species diffused from the probe electrode.
In general GC mode measurements, a species generated at an electrode (the generator) surface diffuses into the solution, and it is detected at the other electrode (the collector). The generator or collector is not necessarily an electrode. GC mode measurements have been applied to characterize hydrolase enzymes such as alkaline phosphatase (APL) and β-galactosidase (β-GAL). These enzymes catalyze hydrolysis of electroinactive species to yield electroactive species that are detected by the scanning micro/nanoelectrode of SECM.
2·2 Imaging of biological materials with SECM
FB mode measurements have been frequently used for the characterization of localized enzymes. We previously reported the characterization of a diaphorase monolayer on a glass surface in FB mode using an equivalent SECM system.
14 Due to its high activity, diaphorase shows significant catalytic activity even at a monolayer level. The GC mode has also been used for the investigation of localized enzyme reactions. GOD immobilized on an alkanethiolate-gold substrate was visualized by monitoring the oxidation current of H2O2 that is continuously generated from the surface existing enzyme. 15 Enzymes typically characterized by GC mode are alkaline phosphatase (ALP) and β-GAL.
ALP catalyzes the hydrolysis of p-aminophenylphosphate (PAPP) to p-aminophenol (PAP), which can be detected with a microelectrode located close to ALP. 16 The combination of SECM with an enzyme-linked immunosorbent assay (ELISA) offers a novel assay system of biologically important materials. Using SECM and ALP as a labeled enzyme, as few as 10000 carcinoembryonic antigen molecules per spot were detectable. 17 The SECM-ELISA technique was also applied as a sensing system for antibody arrays to detect several proteins in a small sample volume simultaneously. 18 The application of SECM to characterize live cells has been receiving considerable attention.
After the preliminary demonstration of the investigation of plant cells with SECM by Bard and coworkers, 19 we reported for the first time the imaging of respiration in single mammalian cells with SECM. 20 SW-480 cells (epithelial-like, human colon) cultured on a dish were shown as areas of low oxygen concentration in the SECM images, indicating the absorption of oxygen by the respiration of the cells. The SECM image of the oxygen concentration around a cell directly reflects its respiration activity and indicates the cellular status of patterned cells. 21 The patterning of living cells has been extensively attempted by a number of research groups, since the spatial control of mammalian cell adhesion and growth is a critical issue in many areas of biotechnology. SECM has been applied to evaluate the respiratory activity of individual patterned cells.
The gene expression activity of recombinant cells can be imaged and monitored with conventional SECM systems. We used the gene lacZ, encoding β-GAL for SECM detection and imaging. The expressed reporter protein, β-GAL, catalyzes the hydrolysis of p-aminophenyl β-D-galactopyranoside (PAPG) to yield electroactive PAP (Fig. 3) . 22 PAP is oxidized at a SECM scanning probe set at 0.30 V vs. Ag/AgCl. ALP and secreted placental alkaline phosphatase (SEAP) have also been used as reporter proteins that dephosphorylate PAPP to electroactive PAP. SEAP is a particularly useful reporter because it is secreted into the culture medium. The cellular secretion of SEAP is directly proportional to changes in the intracellular SEAP mRNA. This characteristic allows the continuous electrochemical quantification of gene expression in live cells. Cellular SEAP expression was triggered by exposure to stimulants and its expression was continuously monitored by employing an SECM-based assay. 23 Receptor proteins on the living cell membrane have been characterized and imaged by SECM. 24 The activity of microtissues has also been characterized by SECM. We applied SECM to evaluate the respiration activity of single embryos. Oxygen consumption of individual bovine embryos was noninvasively quantified by SECM. 25 The oxygen concentration profile was monitored by scanning the SECM probe near a single embryo surface to determine oxygen consumption by respiration. When an embryo reached the stage of a morula, the oxygen consumption rate of a single morula was estimated to be 1.4 × 10 -14 mol/s. After SECM analysis, the embryo was continuously cultured and grew to the stage of a blastocyst. For the blastocyst, the oxygen consumption was found to be in the range of 2.5 -2.5 × 10 -14 mol/s. The oxygen consumption of the morula was strongly related to the morphological quality of the embryo. The morula showing a larger consumption rate developed into blastocysts of a larger size.
2·3 High-resolution bioimaging with SECM As described above, SECM has been successfully applied to the characterization of various biological materials such as enzymes, membranes, cells, and tissues under physiological conditions in a noninvasive manner. However, spatial resolution of SECM is not high enough to attain clear imaging of nanostructures. In order to attain nanoobject imaging, the distance between the microelectrode and sample should be controlled in nanometer level. Significant efforts have been made to improve the resolution and quality of SECM images by incorporating the distance control mechanisms of AFM, 26 shear force, 27 faradaic current, 28 and impedance. 29 Shear force-based tip-sample distance control has been successfully used as the feedback mechanism for obtaining high-resolution images. We adopted shear force-based feedback regulation to achieve constant distance imaging. 30 The probe was moved up and down vertically by 0.1 -3.0 μm to reduce the damage to the samples at collection of each data point. This feedback mode, defined as "standing approach (STA) mode", 31 permits extensive applications of the probe to samples with large height differences on the surface or fragile biomaterials including microbeads or living cells.
The distance control based on scanning ion conductance microscopy (SICM) is a promising way to realize non-contact topographical analysis under physiological conditions. 32 SICM equips a micro-or nano-pipette as a scanning probe to detect an ionic current between an electrode inside the pipette and an electrode located in a bath. The pipette-sample distance is regulated by the ionic currents as feedback signals. When the pipette approaches the sample surface, the resistance between the two electrodes increases and the ionic current decreases. The magnitude of the ionic current depends on the pipettesample distance. Therefore, the ionic current can be used as a feedback signal to maintain a constant pipette-sample distance.
We fabricated a hybrid system of SECM and SICM for simultaneous noncontact imaging of the topography and electrochemical signals of biomaterials.
6,33 Figure 4 shows the structure of two types of probes for the SECM-SICM measurement setup. One was fabricated by coating a glass capillary with a Pt or Au film, followed by insulation with an electrophoretic paint. 6 Ion current flowing between Ag/AgCl electrodes located inside the nanopipette and the outside solution was used as the feedback signal for distance control. The other was double-barrel carbon nanoprobes (DBCNPs) with a total diameter of 200 nm. 33 Figure 5 shows the SECM-SICM images of part of a GOD spot in PBS solution containing 0.50 mM ferrocenemethanol (FMA). When the electrode is near GOD, the FB mode based on redox cycling of FMA + /FMA amplifies the electrochemical current. The SICM image based on the probe-sample distance showed a highly resolved structure of the GOD spot surface with small caves. When the distance was set to 100 nm, the SECM image based on GOD-catalyzed reaction also showed that fine structure with small caves. However, the cave-like structure disappeared in the SECM image at a distance of 600 nm. 6 These results clearly demonstrate that SICM distance regulation is very effective in improving its resolution in FB imaging mode. The SECM image with higher magnification clearly shows a single cave with low electrochemical responses. The DBCNP was used the simultaneous topographical and electrochemical imaging of living neurons with high spatial resolution, and then used the same probe for localized K + delivery and simultaneous neurotransmitter detection. This combined technique was also applied to the evaluation of the permeation properties of electroactive species through cellular membranes.
We also developed voltage-switching mode scanning electrochemical microscopy (VSM-SECM) for high-resolution bioimaging. 34 In VSM-SECM, a single SECM probe electrode was used to acquire high-quality topographical and electrochemical images of biomaterials simultaneously. This was achieved by switching the applied voltage so as to change the faradaic current from a hindered diffusion feedback signal to the electrochemical flux measurement of interest. This system was successfully applied to high-resolution imaging of various cells, membrane proteins, neurotransmitters from neuronal cells (Fig. 6) . 
Bioimaging with Local-redox Cycling-based Electrochemical (LRC-EC) Devices 3·1 LRC-EC devices with arrays of crossing points
The electrode array devices have received considerable attention due to strong demand for rapid, comprehensive, and high-throughput analyses. Electrode arrays have been used to monitor local field of potentials in brain tissues. 35 Microelectrode arrays have also been applied to achieve two-dimensional amperometric imaging of electroactive species in biotissues. 8 To develop a reliable and easy-to-use analytical procedure involving microelectrode arrays, individually addressable measurements are required, especially for comprehensive screening purposes.
The conventional way to address each electrode of an array individually is to connect the electrode line to a corresponding bond pad. 36 The electrochemical measurements are then carried out on each electrode sequentially. This method is easy to implement from a technological point of view; however, the number of individually addressable electrodes is limited since sufficient space for bond pads is not available on the chip border. Another way to realize the individual addressability of array electrodes is to use an integrated circuit (IC). 37 Huge microelectrodes can be integrated in an IC, however, it is usually difficult to detect very low currents (pA to nA) with an IC-based array.
Recently, we proposed a novel method to realize individually addressable electrochemical measurements based on local redox cycling (LRC) using a substrate consisting of an array of microelectrodes. 38 In this LRC-electrochemical (LEC-EC) device, band microelectrodes are arranged orthogonally to fabricate an n × n array of crossing points (measurement points) with only 2n bonding pads for external connection. The crossing points of the column and row electrodes are deemed the addressable elements, which can easily be addressed by providing a specific potential to the column and row electrodes. Although this device is easy to fabricate, a high density of sensors can be obtained on one chip.
A microwell array was incorporated into the crossing points of the LRC-EC device to conduct high-throughput screening of bioparticles and genetically engineered cells accommodated in the wells. 9 Electrochemical imagse of the device with ALP-immobilized microparticles after incubation in a 4.0 mM PAPP solution showed clear increase in amperometric responses (Fig. 7) . The magnitude of the response increases linearly with the number of beads in the well. This imaging was applied to the detection of gene expression in single HeLa-SEAP cells.
HeLa-SEAP cells that secrete ALP were randomly seeded in the microwells and the amplified current was detected. The reduction current for a microwell with a single HeLa-SEAP cell increased with time, while no meaningful response was detected for the empty wells (Fig. 7) . The histogram of the amperometric response distribution shows the different expression levels of ALP from individual cells. These results demonstrate that the present LRC-EC device can be used for highly sensitive, high-throughput screening to detect the protein expression activity of genetically engineered cells at the single cell level. The LRC-EC devices were also applied to comprehensive electrochemical analyses.
39
3·2 LRC-EC device with interdigitated array (IDA) electrodes Although the above devices are very useful for high-throughput electrochemical detection, careful assembly of the device is required to align two different glass substrates upon each measurement, which is time-consuming and results in low reproducibility. Furthermore, there is no open space on the device for handling samples such as cells, because the sensor areas are surrounded by glass substrates with electrodes. Therefore, we have developed a new device to solve these problems. 10 The device provided a means for electrochemical detection based on LRC and enabled the incorporation of many addressable sensor points into a small area for the comprehensive electrochemical measurements. Interdigitated array (IDA) electrodes were fabricated in each sensor point to induce LRC-EC device for amplification of the electrochemical signal. This device was successfully used to follow the movement of an ALP aggregate.
The LRC-EC device with IDA was also applied to evaluate the differentiation level of an embryoid body (EB) via its ALP activity. 40 Deep microwells were incorporated into the LRC-EC device for the trapping of EBs. The LRC-EC device consists of 16 row electrodes, 16 column electrodes and 256 microwells. The EBs were introduced into the device to trap a single EB in a microwell.
Each microwell has IDA electrodes for electrochemical sensing. The EB activity is then electrochemically detected by the LRC-EC device and 2D-electrochemical images are constructed. For imaging, the electrochemical responses at the 256 sensor microwells are collected by sequentially changing the potential applied to the row and column electrodes (Fig. 8) .
The LRC-EC device was also applied to acquire 2D electrochemical images of the droplets. 41 The time-course analyses of the electrochemical images of a single droplet show that the redox compound in the droplet was dynamically changed during droplet evaporation or mass transfer through a water/oil interface. Since the evaporation process can concentrate the components, the evaporation process was applied for amplifying the electrochemical signals. To the best of our knowledge, this is a first report on electrochemical imaging of whole droplets for dynamic analyses on droplet evaporation or mass transfer.
Bioimaging with BioLSI
Electrode arrays based on CMOS have been developed and used for addressable amperometric sensing with higher integration. However, the reports for highly dense (> 100 detecting points) CMOS-based amperometric sensor arrays are limited because the integration of high-performance potentiostat circuits is difficult compared to that of FETs for potentiometric sensors. In recent years, several groups realized the CMOS-based integrated amperometric sensor in different strategies. 42 CombiMatrix Corp. reported amperometric sensors with 1.5 M electrodes/cm, 37 and Hierlemann et al. in ETH Zurich also integrated 576 electrodes within a 3 × 3 mm square. 42 These groups incorporated the operational amplifier circuit outside of the pixel to accomplish a highly dense integration of the sensor electrode. However, this strategy includes a tradeoff for sensitivity limit because electric noise is brought into the circuits between the sensing points and amplifiers. In-pixel amplifierloaded electrode arrays were reported by a collaborative team from Inferon Technologies and Siemens and also by a collaborative team from Siemens AG, Technische Universitaet Muenchen, and Friz BIOCHEM Gesellschaft fuer Bioanalytik mbH. 43 The former has 128 sensing points, each of which consists of a set of interdigitated electrode arrays. This device has high sensitivity (detection limit; 1 pA) but has only a small detection range (1 pA -100 pA). The latter has 384 sensing points and a large detection range with high sensitivity (1 pA -100 nA), but the noise level seems to be high.
We developed and validated an LSI-based amperometric sensor called "Bio-LSI" (Fig. 9) . 11 Our concept for Bio-LSI is a fusion of Bio-MEMS and an active pixel sensor array to realize a "CMOS video camera for amperometric bioimaging". Sensing points are arranged to form a 20 × 20 array with a 250 μm pitch. The LSI chip is a 10.4 × 10.4 mm square. We successfully realized detection of ±1 pA current by embedding an operational amplifier with a switched-capacitor type I-V converter into each unit cell. The light shield effect of a metal layer and the reduction of leakage current by removal of electrostatic discharge (ESD) protection elements also contributed to this high sensitivity. The signal readout program also realizes a wide dynamic range from ±1 pA to ±100 nA. A typical current accuracy versus load current of ± 5% is accomplished by precisely fabricated operational amplifiers and switched capacitors. The temporal resolution of Bio-LSI is 125 ms/400 points for 0.1 nA range mode and 18 ms/400 points for 100 nA range mode. We demonstrated real-time imaging of a hydrogen peroxide (H2O2) gradient in a flow, as well as glucose oxidase (GOx)-catalyzed oxidation of glucose using Bio-LSI coated with enzyme membranes, to validate the conspicuous properties of Bio-LSI as an amperometric multipoint sensor.
Bio-LSI is a promising tool for a wide range of analytical fields, including diagnostics, environmental measurements, and basic biochemistry.
The system potentially utilized by combination with optional equipment or modifications suitable for each application. For example, a wireless communication function can be incorporated into the LSI to enable continuous monitoring of cells in an incubator. The number and interval of the sensing points can also be optimized for each application.
Conclusion and Perspective
This review article overviews the recent progresses in bioimaging with micro/nanoelectrode systems.
Along with recent developments in micro/nanotechnology, a variety of micro/ nanoelectrodes have been fabricated and applied to various bioelectrochemical measurements. Although electrochemical measurements with micro/nanoelectrodes have increasingly been applied in the area of bioanalysis incorporating various contrivances, at present, these electrochemical devices and systems are not particularly popular as bioimaging tools compared with optical microscopes. Recently, an innovative optical microscopy-based imaging system, a single-molecule localization microscopy (SMLM), 44 was developed to realize to image biomaterials with super-sensitivities and high spatial resolutions beyond the limit of diffraction of light. SMLM attains the outstanding imaging resolution by incorporating the technologies of precise detection of fluorescence-emitting point and single-molecule detection. However, SMLM still needs to use fluorescence dyes or proteins for bioimaging. Such a high spatial resolution less than 100 nm was also be attained by advanced SECM without any additives, although it detects only electroactive species. The array-type electrochemical devices realize real-time imaging, although the spatial resolution is far away from those of SMLM and SECM. As bioimaging tools, the electrochemical systems are now in their infant stage and the flexibility in use are inferior to the optical imaging systems. In addition, the single molecule detection is still very difficult for electrochemical systems. However, electrochemical imaging systems have substantial advantages that cannot be achieved in conventional imaging systems as described in this article. There has been a wide variety of interesting approaches to characterize biological materials by electrochemical imaging systems. I believe that in the future electrochemistry-based imaging systems will be applicable widely to many biological materials.
